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Abstract

A new quaternary layered carbide, Zr,[Al;56Si9.44]Cs, has been synthesized and characterized by X-ray powder diffraction,
transmission electron microscopy and thermopower and electrical conductivity measurements. The crystal structure was successfully
determined using direct methods, and further refined by the Rietveld method. The crystal is trigonal (space group R3m, Z = 3) with
lattice dimensions of @ = 0.331059(5), ¢ = 4.09450(5)nm and ¥ = 0.38864(1)nm>. The final reliability indices calculated from the
Rietveld refinement were R, = 6.24%, R;, = 4.21% and Rg = 0.82%. The crystal structure is composed of electroconductive NaCl-type
ZrC slabs separated by Al,Cs-type [Alz 56519 44]C5 layers. This material had thermoelectric properties superior to those of the ternary

layered carbides Zr,Al;C4 and Zr;Al;Cs, with the power factor reaching 7.6 x 107 °Wm™' K2

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Ternary carbides have been extensively studied because
of their importance in electrical, mechanical and thermal
applications [1,2]. In the Zr—Al-C system, the existence of
two compounds, Zr,Al;C4 and Zr;AlkCs, has been
reported [2-4]. Each crystal, belonging to the space group
P63mc, shows intergrowth structure consisting of two types
of layers; one is composed of the NaCl-type ZrC and the
other consists of ALC, in an atom arrangement very
similar to that of Al,Cs (space group R3m [5]). The Al,C,
layers are the same between the two compounds, while the
ZrC slabs are thicker for Zr;Al;Cs. These two types of
layers shear the carbon-atom network at their boundaries;
the C—C distances are about 0.335 nm for both compounds.
On the other hand, the C-C distance of ZrC crystal is
0.330nm (= a(ZrC)/\/2) and that of Al4Cs is 0.334nm
( = a(A14Cy)), where a(ZrC) and a(Al4Cs) represent the a-
axis lengths of the ZrC and Al,C; crystals, respectively.
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These distances are close to each other, and also to those of
the carbon-atom networks in Zr,AlC4 and Zr;Al;Cs.
Fukuda et al. have therefore concluded that the closeness
of the C—C distances between the ZrC and Al,C; crystals,
being expressed by the equation a(ZrC)/\/2~a(A14C3), is
the principal reason for the formation of these layered
carbides [4].

Thermoelectric materials with high efficiency of energy
conversion are of interest for applications as heat pumps
and power generators. Low-dimensional materials that
consist of, for example, conducting two-dimensional (2D)
layers are promising for thermoelectric energy conversion
[6-11]. The advantage of the low dimensionality can be
interpreted in terms of the carrier confinement effect in the
2D layers, which leads to an enlarged absolute value of the
Seebeck coefficient (S) compared to the materials with three-
dimensional conducting paths. In addition, the 2D layered
materials are expected to have relatively low thermal
conductivity (k) due to phonon scattering at layer interfaces.
Hence, materials with layered nanostructures could show
high performance of thermoelectricity, which is quantified
by a figure of merit S$%¢/x, where ¢ is electrical conductivity.
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In the ternary system Al-Si—C, Kidwell et al. [12] have
successfully prepared a new carbide AlgSiC; and char-
acterized it using an X-ray powder diffraction (XPRD)
method. The crystal is hexagonal with a = 0.33127(7) nm
and ¢ = 1.9242(4) nm. Because the a-axis length is almost
equal to a(ZrC)/\/2, the authors have expected the
formation of new quaternary carbides for the reaction
products between ZrC and AlgSiCs.

In the present study, we have prepared a new quaternary
carbide in the Zr—Al-Si—C system to determine the crystal
structure from XRPD data using direct methods. The
crystal structure of the new carbide has been described in
relation to those of Zr,Al;C,4 and Zr;AlsCs. Because these
carbides are characterized by an intergrowth structure with
electroconductive NaCl-type ZrC slabs separated by
Al4Cs-type layers, they were expected to show good
thermoelectric properties.

2. Experimental
2.1. Synthesis of a new carbide

The new quaternary carbide was initially recognized as
unidentifiable diffraction lines in the XRPD patterns of the
reacted ZrC—AlgSiC; mixtures. A number of syntheses with
a variety of Zr:AlgSi:C ratios were attempted to determine
the stoichiometry. The single-phase material was ultimately
prepared by the following procedures.

The reagent-grade chemicals of zirconium carbide (KCL
Co., Ltd., 99.9%), aluminum (KCL, 99.9%), silicon
carbide (KCL, 99.9%) and graphite (KCL, 99.9%) were
mixed in molar ratios of ZrC:Al:SiC:C = 18:32:4:23, which
is equivalent to

Zr:Al:Si:C=18:32:4:45. (D

The mixture was pressed into compacts (10mm x
10mm x 5mm), loaded into a graphite crucible, and then
embedded in Al4C; powder, which was in advance
prepared from the chemicals of aluminum and graphite.
They were heated in vacuum at 1973 K for 1h, followed by
cooling to ambient temperature by cutting furnace power.
The Al4C; powder was allowed to gradually evaporate
during heating, keeping the stoichiometry of the compact
samples unchanged. The reaction product was a slightly
sintered polycrystalline material. It was finely ground to
obtain powder specimen. The density (D,) of the powder
specimen was subsequently measured by the pyknometric
method and found to be 4.50 Mgm .

In order to obtain a dense sample, the powder specimen
was subsequently sintered by a pulse electric current
sintering method (SPS-1030, Sumitomo Coal Mining).
The sintering was conducted at a uniaxial pressure of
about 40 MPa and at 1973 K for 5min in vacuum. Dense
sintered bodies in the form of discs (15 mm diameter and
Smm long) were thus obtained. Its closed porosity was
found to be about 99%.

2.2. Synthesis of Zr,Al3C4 and Zr;Al;Cs

Two types of sintered specimens of Zr,Al;C4 and
Zr3Al3;Cs were individually prepared from the reagent-
grade chemicals of zirconium carbide, aluminum and
graphite. Each of the stoichiometric mixtures was first
heated in vacuum at 1653 K for 1h to obtain polycrystal-
line materials. The sintering conditions to prepare the
dense bodies were identical to those described above. Their
closed porosities were found to be about 99% for both
samples.

2.3. Structural characterization

The XRPD intensities for structural determination were
collected for the powder specimen on a PANalytical X Pert
diffractometer in Bragg—Brentano geometry using mono-
chromatized CuKo radiation (50kV, 40mA) and a step-
scan technique in a 20 range from 10° to 149.98° with a
fixed counting time (¢) of 15s/step and a step interval of
0.02°. The divergence slit of 1° was employed to collect the
quantitative profile intensities in the range 20>19°.
The crystal-structure models were visualized with the
computer program VICS [13]. The structure data were
standardized using the computer program STRUCTURE
TIDY [14].

The powder specimen was also examined using a
transmission electron microscope (TEM:JEM 2010,
JEOL) operated at 200kV. The crystal fragments were
crushed using an agate mortar and deposited with ethyl
alcohol on a copper grid. A selected area electron
diffraction (SAED) pattern and corresponding lattice
image were obtained.

2.4. Thermoelectric properties

Samples in the form of rectangular bars (13 mm x
4 mm x 3 mm) were cut from the discs using a diamond saw
for thermoelectric measurements. The X-ray diffraction
intensities from the cut surface have revealed that the
sintered samples, consisting exclusively of the desired
phases, were free from preferred orientation of the crystal
grains. The thermoelectric properties were evaluated by the
power factor, which is determined from electrical con-
ductivity (¢) and Seebeck coefficient (S) as S?o. The o-
values and thermoelectromotive force (TF) were simulta-
neously measured between 373 and 1273K in vacuum
using a thermoelectric property measurement system
(RZ2001i, Ozawa Science). It generated a temperature
gradient in the specimen by passing cool air in a silica glass
tube that is placed near one end of the specimen. The TF-
values were measured as a function of temperature
difference (AT) between the two ends. The S-values were
calculated from the slopes of the linear plots of TF
against AT.
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3. Results and discussion
3.1. Chemical formula and Z

The SAED pattern in Fig. 1(a) was successfully indexed
with a hexagonal unit cell with dimensions of ¢~0.33 nm
and c¢~4.1 nm. The corresponding lattice image (Fig. 1(b))
strongly suggests that the crystal structure is built up from
stacking combinations of two basic sheets. The unit-cell
parameters as well as integrated intensities were refined by
the whole powder-pattern decomposition method, based
on the Pawley algorithm [15], using the computer program
WPPF [16] in the 260 range from 10° to 70°. The refined
unit-cell parameters are a=0.330821(7)nm, c¢=
4.0914(1)nm and ¥V = 0.38778(2)nm>. The refined inte-
grated intensities were examined to confirm the presence or
absence of reflections. There were systematic absences
h—k+1#£3n for hkil, —h+1£3n for hh0l, I#£3nfor hh2hl
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Fig. 1. (a) Selected-area electron diffraction pattern and (b) corresponding
lattice image. Incident beam perpendicular to the c-axis.

and /#3n for 000/, implying that the possible space
groups are R3, R3, R32, R3m and R3m.

In general, the number of formula units in the unit cell
(Z) is determined from the unit-cell volume ¥ (nm?), true
density D, (Mgm ™) and molecular weight M (g) as follows
[17]:

Z = VD /(M x 1.660 x 1073). )

Substituting 0.38778 nm* and 4.50 Mgm ™ (= D,,) for,
respectively, V-value and D-value in Eq. (2) yields the
following equation:

Z ~ 1052/ M. 3)

The Z-value is integer and is also subject to space group
restrictions. Because the smallest value for number of
positions of each possible space group is three, the smallest
integral value for Z allowed by all the space groups is three.
When we set Z = 3, Eq. (3) becomes

M ~ 350.7. @)

Accordingly, the chemical formula which satisfies both
EqS. (1) and (4) is ZI'2[A13.56Si0_44]Z4C5 (MZ 35092)

3.2. Crystal structure determination

All of the possible space groups were tested using the
EXPO2004 package [18] for crystal structure determina-
tion. Because the atomic scattering factors for Al and Si are
almost the same, a unit cell content with [6Zr 12A1 15C]
was used as input data for the search of a crystal-structure
model. A promising structural model with the reliability
index Rg [19] of 14.3% was successfully obtained for the
space group R3m.

Structural parameters were refined by the Rietveld
method using the computer program RIETAN-2000 [20]
in the 26 range of 22.0-149.0° (Fig. 2). The Si and Al atoms
were assumed to be randomly distributed over the same
sites (denoted by 7) in the crystal structure, although there
might be the site preference of these atoms. A Legendre
polynomial was fitted to background intensities with 12
adjustable parameters. The pseudo-Voigt function [21] was
used to fit the peak profile. All of the isotropic atomic
displacement parameters (B) of carbon atoms were
constrained to have the same value. Reliability indices for
a final result were Ry,=6.24%, R,=4.21% and
Rp = 0.82% [19]. Crystal data are given in Table 1, and
the final atomic positional and B parameters are given in
Table 2. The selected interatomic distances, together with
their standard deviations, are given in Table 3.

3.3. Structure description

The crystal structure of Zr,[Als 56Sig44]Cs may be
regarded as intergrowth structure, which consists of the
NaCl-type ZrC layers with thickness of about 0.57 nm
separated by the (Al;s6Si944)Cs layers (about 0.80 nm
thickness) in an atom arrangement very similar to that of
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Fig. 2. Comparison between observed (+ marks) and calculated (upper solid line) patterns of Zr,[Als 5¢S1i9.44]Cs. The difference curve is shown in the
lower part of the figure. Vertical marks indicate the positions of possible Bragg reflections.

Table 3
Interatomic distances (nm) in Zr,[Als s6Sig 44]Cs"

Table 1

Crystal data for Zry[Als 5¢Si0.44]Cs

Chemical composition Zr5[Als 56Si9.44]Cs
Space group R3m

a (nm) 0.331059(5)
¢ (nm) 4.09450(5)
V (nm®) 0.38864(1)
Z 3

Dx (Mgm™) 4.50

Table 2

Structural parameters for Zr,[Als s6Sig 44]Cs"

Atom X y z 100 x B (nm?)
Zrl 0 0 0.6267(3) 0.18(6)
Zr2 0 0 0.8952(3) 0.19(6)
Tl 0 0 0.0693(3) 0.8(1)
2 0 0 0.1732(4) 0.5(2)
T3 0 0 0.3504(4) 0.4(2)
T4 0 0 0.4494(2) 0.7(1)
C1® 0 0 0 0.20(6)
C2 0 0 0.1279(3) 0.20

C3 0 0 0.2635(5) 0.20

C4 0 0 0.4006(3) 0.20

C5 0 0 0.5289(2) 0.20

#All atoms are in Wyckoff position 3a.
°z of Cl atom is fixed.

Al4C5 (Fig. 3). These two types of layers shear the two-
dimensional networks of carbon atoms at their boundaries
with the C-C distance of 0.3311 nm. The lattice image in
Fig. 1(b) is fully consistent with the layered structure.
The mean interatomic distances in Zr,[Als 56Sig 44]Cs
compare well with those of the binary and ternary carbides
(i.e., ZrC, Al4Cs, Zr,Al3C4 and Zr;Al;Cs). Both Zrl and
Zr2 atoms are octahedrally coordinated by C atoms with

Zr1-C3 0.2269(9) x 3 T4-C2 0.1972(3) x 3
Zr1-Cl 0.2517(7) x 3 T4-C4 0.1997(11)
Zr1-T3 0.3017(7) x 3 T4-T1 0.2705(3) x 3
Zr1-Zr2 0.32719(8) x 3 T4-T2 0.3019(11) x 3
Zr1-Zrl 0.33106(1) x 6 T4-C5 0.3254(12)
Zr2-C5 0.2339(6) x 3 T4-T4 0.33106(1) x 6
Zr2-C3 0.2389(10) x 3 CI-T3 0.2035(6) x 3
Zr2-T2 0.2964(7) x 3 Cl-Zrl 0.2517(7) x 3
Z12-Zrl 0.32719(8) x 3 CI-T1 0.2839(12)
Zr2-7r2 0.33106(1) x 6 C2-12 0.1852(15)
T1-C4 0.19132(5) x 3 C2-T4 0.1972(3) x 3
T1-C2 0.2400(14) C2-T1 0.2400(14)
T1-T4 0.2705(3) x 3 C3-Zrl 0.2269(9) x 3
T1-Cl 0.2839(12) C3-7r2 0.2389(10) x 3
T1-T3 0.2871(10) x 3 C4-T1 0.19132(5) x 3
T1-T1 0.33106(1) x 6 C4-T4 0.1997(11)
2-C2 0.1852(15) C4-T3 0.2058(14)
T2-C5 0.2120(7) x 3 Ccs-12 0.2120(7) x 3
T2-7r2 0.2964(7) x 3 C5-Zr2 0.2339(6) x 3
T2-T4 0.3019(11) x 3 C5-T4 0.3254(12)
-T2 0.33106(1) x 6

T3 -Cl 0.2035(6) x 3

T3-C4 0.2058(14)

T3-T1 0.2871(10) x 3

T3-Zr 0.3017(7) x 3

T3-13 0.33106(1) x 6

#All distances shorter than 0.34nm (metal-metal) and 0.33nm
(metal-carbon) are given.

the mean Zr—C distance of 0.238 nm (Table 3), which is
comparable to those of the ZrCg polyhedra in ZrC
(0.235nm), Zr,Al;C4 (0.241nm) [4] and Zr;AlCs
(0.239nm) [3]. The Zr atoms have 12 metal neighbors as
in Zr,AlzC4 and Zr;AlsCs. The mean Zr-Zr distance of
0.329nm in Zr,[Als 56S19.44]Cs is comparable to those of
ZrC (0.332nm), Zr,AlzC4 (0.335nm) and Zr;AlCs
(0.331 nm).
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Fig. 3. Crystal structure of Zr,[Als 56Si9.44]Cs.

The Al and/or Si atoms on T sites are tetrahedrally
coordinated with the mean distances of 0.220 nm for 71-C,
0.205nm for 72-C, 0.204 nm for 73—C and 0.223 nm for
T4-C. Accordingly, the 7-C distances are comparable to
the Al-C distances of the AIC,; tetrahedra in Al4Cs,

Fig. 4. Atomic configurations in (a) Zry[Als s56Sig.44]Cs, (b) Al4Cs, (c)
Zr,A15Cy, and (d) Zr;Al;Cs. The atom numbering in (b)—(d) follows that
of the original manuscripts [3-5].

ranging from 0.194 to 0.218nm (the mean = 0.206 nm)
[S]. The mean Zr-T distance of 0.299nm in Zr,[Al; 56
Si.44]Cs is comparable to the Zr—Al distances of Zr,Al;Cy
(0.297nm) [4], Zr;ALCs (0.297nm) [3] and Al3Zr
(0.291 nm) [22].

In Fig. 4, the atomic configurations and selected
interatomic distances are shown for Zr,[Als s56Sig44]Cs,
Al4Cs [5], Zr,Al3Cy4 [4] and Zr3AlsCs [3]. The Al and/or Si
atoms in Zry[Alz 56S1944]Cs are tetrahedrally coordinated
as in Al4C;. Moreover, the distances of about 0.325 nm for
T4-CS5 [Fig. 4(a)] is close to the corresponding distance of
AI2-C1 (0.324nm) in Al4C; [Fig. 4(b)]. Accordingly, the
(A13.568i0_44)C3 layer in Zrz[A13_56Si0.44]C5 is Structurally
comparable to the compound Al4Cs. On the other hand,
the coordination number of Al3 in Zr;AlLCs [Fig. 4(d)] is
five if C5 atoms at relatively long distance of 0.283 nm are
included into the [AlCs] unit. The Al3 atoms are therefore
located in trigonal bipyramidal voids formed by five
carbon atoms. This is one of the prominent features of
the Zr3Al3Cs structure as pointed out by Gesing and
Jeitschko [3]. The situation is nearly the same for All and
C2 atoms in Zr,Al;C4 [Fig. 4(c)].

3.4. Thermoelectric properties

The g-values of the three samples steadily decreased with
increasing temperature, representing a conductor-type
behavior (Fig. 5(a)). When samples were compared at the
same temperature, Zr;Al;Cs always showed the largest o-
value, followed by Zr,[Als 56Si0.44]Cs. Because the g-value
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Fig. 5. Temperature dependence of (a) electrical conductivity o, (b) Seebeck coefficient S and (c) thermoelectric power factor S%c for (open circle)

Z15[Als 56519 44]Cs, (solid circle) Zr,Al;Cy and (solid square) Zr;Al;Cs.

of Zr3Al;Cs was much larger than that of Zr,AlsCy, the
intergrowth structure with thicker ZrC layer appears to be
more advantageous for the conduction of electricity.

The signs of S were always negative for all the samples,
indicating predominant negative mobile charge carriers
(Fig. 5(b)). With Zr,[Als 5¢Sig 44]Cs, the absolute value of S
was the largest among the three, throughout the tempera-
ture region measured, and steadily increased with increas-
ing temperature from 373 to 1073 K. A comparison of the
S-values between Zr,[Als 56Sig 44]Cs and Zr,AlsCy4 suggests
that the intergrowth structure with the thicker Al4Cs-type
layer would be more favorable for the thermoelectric
power generation.

The power-factor values for Zr,AlkC4 and Zr;AlzCs
decreased from, respectively, 1.3x 107> and 5.2 x
10°Wm 'K™? with increasing temperature. On the
other hand, the power-factor values of Zr,[Al; 56Sig 44]Cs
was almost constant between 373 and 1073K and
necessarily the largest among the three, with the maximal
value of 7.6x10°Wm 'K™2 at 373K (Fig. 5(c)).
Since all the present sintered specimens were composed of
randomly oriented polycrystals, the improvement of
preferred orientation using the technique of ceramic
processing or thin film preparation could further increase
the electrical conductivity and consequently the power
factor.
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